Bi-continuous porous ceramics for filtration applications possess a particularly complicated microstructure, whereby porosity and solid matter are intermingled. Mechanical, thermal, and filtration properties can only be precisely estimated if the morphology of both solid matter and porosity can be quantitatively determined. Using 3D computed tomography (CT) at different resolutions, and several X-ray refraction-based techniques, we quantitatively evaluated porosity and pore orientation in cordierite diesel particulate filter ceramics. Moreover, applying both Fast Fourier Transform (FFT) and a newly developed image analysis algorithm (directional interface variance analysis, DIVA), we quantitatively evaluated porosity and pore orientation. Both the experimental techniques and the statistical approach allow extraction of both spatially resolved and average values. Porosity values from synchrotron computed tomography used turn out to agree with mercury intrusion measurements, while pore orientation factors agree with published crystallographic texture data. This latter point also implies that the study of the pore/matter interface is sufficient to describe the morphological properties of these materials.
Introduction
The industrial use of porous synthetic cordierite as filtration material has been successful for over 20 years. Its major applications are discussed in several works [1] . Besides depending on the filter cell geometry, both filtration performance and mechanical properties of these materials strongly depend on their microstructure [2] . Four factors dominate the behavior of these materials: a) microcracking; b) porosity; c) crystallographic and d) morphological texture (i.e., grain size and orientation) [3] . Although texture factors of extruded monoliths for diesel particulate filters (DPFs) are about 1.2-1.3 [4] , but this preferential grain orientation is sufficient to bring about very low axial thermal expansion, and consequently high thermal shock resistance [5] . Indeed, the anisotropy of the thermal expansion is widely used to tailor the thermal and mechanical properties [6] . In general, porosity and pore morphology directly determine the effective mechanical properties of porous ceramics [7] . Pore and grain orientation explicitly enter in current models used to extract mechanical and filtration properties [8] . Porosity alone can be easily experimentally measured by mercury intrusion or X-ray absorption [9] , but is not sufficient for a thorough description of the materials microstructure. Pore shape and/or orientation cannot be extracted from intrusion techniques, as those techniques assume cylindrical pores (unacceptable in bi-continuous media with almost exclusive open porosity).
Image analysis of 2D scanning electron microscope (SEM) pictures is a practical way to tackle the problem of the determination of pore orientation [10] . It however suffers from limited field of view. Moreover, stereological corrections cannot apply in the case of complex and irregular pore morphologies, such as those of DPFs.
The use of X-ray tomography [11] is a modern way to tackle the problem, since it yields fully 3D information over a large volume. However, the decisive factor for success in the quantitative determination of pore orientation is a suitable statistical analysis (already used to evaluate filter permeability [12] ). X-ray refraction is a structural characterization method based on the geometrical optical refraction of X-rays, which has already been demonstrated for the quantification of the specific (internal) surface [9] .
In this work we will show how X-ray refraction and Computed Tomography, combined with simple image analysis and statistical analysis methods, can yield significant insight in the quantitative measurement of pore orientation in DPFs, without any assumption on the pore morphology.
Materials and Experiments
Materials. Two commercial cordierite DPF ceramic honeycomb filter materials were used. Single wall pieces of about 5 mm 2 to 1 cm 2 area, and small cubes of about 1 cm 3 volume (containing several honeycomb cells) were used. Production conditions are reported elsewhere [13] . Similar materials have been characterized in other works [13] . Samples, labeled S1 and S2, had about 62% and 50% porosity, with 10 µm and 18 µm median pore diameter, respectively, as determined by an Autopore 9200 Micromeritics, Norcross, GA, USA. The coefficients of thermal expansion (CTE, between room temperature and 1000°C) were about 1.1 and 0.6×10 -6 K -1 , respectively (as determined with a Netzsch DIL 402C dilatometer). The typical microstructure of these samples is given in Fig. 1 .
Experimental Techniques.
X-ray refraction. Analogous to the case of visible light, X-ray refraction follows Snell´s law. The major difference to visible light is that the refractive index n of X-rays in matter is slightly smaller than 1 (instead of substantially greater). This causes ray deflections of very small angles (up to a few minutes of arc). Moreover, convex objects cause a divergent deflection of X-rays (contrary to visible light). While porosity causes an increased transmission signal, the refraction signal is larger with increasing internal specific surface. The experimental equipment consists of a standard fine structure X-ray generator with monochromatic radiation, a commercial small angle scattering X-ray Kratky camera, and two scintillation detectors. This allows simultaneous detection of the Xray refraction intensity I R , and of the sample absorption I A (see Fig. 2 ). If the linear attenuation coefficient µ and the sample thickness d are known, the transmitted intensity I A (with sample) and I A0 (without sample) permit the determination of the porosity p: Advances in Science and Technology Vol. 91 65
The refracted signal allows the determination of the refraction value
(2) C m represents a relative measure for the internal specific surface . In the case of DPFs, this internal surface is dominated by pore surfaces, but it also contains microcracks and interphase grain boundaries. It will be referred to as the defect specific surface. Refraction two-dimensional scanning and Synchrotron refraction radiography. The refraction signal is always integrated over the sample thickness. However, it is possible to obtain position-dependent information on the two quantities determined above (porosity and defect specific surface). Two-dimensional (2D) sample scanning would yield the local porosity p and specific defect surface at sampling position (x,y), as through-thickness mean values. The spatial resolution roughly corresponds to the beam cross section (400 µm x 400 µm in our case), and the measurement times are typically of 1 sec per sampling point. The overlap of the sampling points allows increasing statistics. At the synchrotron BESSY II, of the Helmholtz-Zentrum Berlin für Materialien und Energie (HZB), Berlin, Germany, on the BAMline [15] , we implemented direct imaging on a 2D CCD detector (i.e., without scanning the samples) using the DEI principle (Diffraction Enhanced Imaging [16] ).
Refraction 2D tomography. Beyond 2D refraction position scanning, an extended experimental set-up was employed, by means of an additional rotation device with a horizontal axis ω (|| Y, perpendicular to the incident beam, see Fig.2 ) allowing 2D computed tomography (CT) [14] . Since the primary beam cross section was about 1.5 mm (horizontal) by 50 µm (vertical), the 2D images were actually pseudo-3D, being integrated over 1.5 mm depth along the extrusion axis. The typical measurement time for one slice was a few hours. Five single slices were measured, without detecting any considerable signal variation among them.
µ-and Synchrotron Computed Tomography. Laboratory µ-CT experiments were performed on a v|tome|x L 300/180 (GE Inc.) X-ray tomography system having a 20002000 pixel DXR-250 detector (GE Inc.), and being operated at U = 60 kV, I = 150 µA. The effective pixel size was 7 µm (sample-source distance 17.5 mm, sample-detector distance 1000 mm). We took 1440 sample projections, with angular increments of 0.25, and exposure time of 3 seconds. Pieces of 22 cells were cut out of the honeycomb assemblies. Synchrotron-CT measurements were performed at the 66 13th International Ceramics Congress -Part E beamline BAMline [15] . An Optique Peter microscope was used in combination with a CdWO 4 scintillator, a 10-fold magnifying objective and a pco.4000 CCD camera (4008 × 2672 pixels). The resulting pixel size was 0.434 µm. The beam energy was adjusted to 15 keV, in order to achieve optimum contrast for the investigated pore structures. 3200 single projections were collected in an angular sector of 180 at 4 s exposure. The small sample-detector distance of 15 mm ensured a limited scattering range of refractive edge artefacts.
Results
Two-dimensional (2D) refraction images (also called topographs) of single wall slabs in two different sample orientations yielded the normalized refraction values C m / (independent of sample thickness, and integrated over the whole sample area) reported in Table 1 . 2D images (not shown) hint that the defect specific surface normalized by the porosity is homogeneously distributed. Sample S2 showed a higher specific surface inhomogeneity, which would imply a larger "pore size distribution", in classic mercury porosimetry terms. Indeed, the mercury intrusion plots show that sample S1 possesses a smaller full width at half maximum of the pore size distribution [17] . Refraction results yield two important pieces of information:
 Defect surfaces are preferentially aligned along the extrusion direction for both samples. The degree of alignment is similar for both samples, and quantitatively corresponds to the crystallographic texture values, and with EBSD (electron back-scattering diffraction) [18] ; this implies that studying porosity or solid matter (particles) would yield the same results.  The pore microstructure (in particular, the pore morphology factor) of the two samples is similar, in spite of the size differences mentioned above.
Comparison of the laboratory refraction results to synchrotron refraction radiography provides additional evidence on the anisotropic pore morphology (interface orientation). The ratio of the specific surfaces parallel and perpendicular to the extrusion axis exhibits similar values. The slight differences can be explained with the different set-up: in the DEI set-up a larger range of acceptance (scattering) angles is used. 2D refraction tomography images of the sample cross sections reveal an almost homogeneous density/porosity (at the given resolution of 50 µm). The (laboratory) µ-CT 3D reconstruction of the spatial mass distribution of the DPF samples was performed using a standard Feldkamp-David-Kress algorithm. The synchrotron CT data were reconstructed with the BAM implementation of the standard filtered back-projection algorithm, using a ramp-filter. In this case, the integral values of porosity determined by image analysis were 65 % ( 1 %) for sample S1 and 52% ( 2 %) for sample S2. Analysis Procedures. FFT analysis. We performed FFT on slices and on their 90° rotated copy, and then subtracted them to amplify the perceptibility of the preferred pore orientation. Fig. 3 (left) shows a slice of sample S2 reconstruction obtained from Synchrotron CT. We could also gain information about the depth dependence of these orientations within the cordierite wall. The FFT magnitude was integrated over different radii (Fig. 3, center) , and yielded a function of orientation angle (Fig. 3, right) . The procedure could be applied to slices at different depths across the wall thickness. This procedure showed that the preferential orientation maximum lied always at 0 (i.e., along the extrusion direction) for -CT data, while it would vary for Synchrotron data ( 20°). This discrepancy can be explained with the different resolutions and investigated volumes (larger volume and coarser resolution for the laboratory CT data). The two datasets are therefore complementary. The result of this polar analysis is dependent on the selection of the radial range, which corresponds to a different "pore size" interval. To remove this dependence, the directional interface variance analysis (DIVA) was applied to selected slices of the CT reconstructions [3] . DIVA uses the projections of the grey level gradients, not the object itself, and calculates the variances of such projections in two perpendicular directions. By plotting these variance rations as a function of the polar angle, one gets a pole figure of the pore orientation. By means of a detailed analysis of the walls and the crossings we could observe orientation differences: the ratios of the DIVA minima (wall/crossing, averaged over the entire wall thickness) were 0.910.02 for S1 and 0.830.02 for S2. The variance ratios determined by -CT and Synchrotron, on the whole structure, differ. This can be again explained by the different resolution: the higher resolution (16×) of synchrotron data allows imaging smaller (oriented) pores, which otherwise look isotropic in a coarser dataset. Table 1 summarizes the CT and refraction results. Table 1 . Specific surface values C m / µ of samples S1 and S2 for two perpendicular scattering directions relative to direction of extrusion obtained from X-ray refraction compared to results of DIVA applied to µ-CT and synchrotron CT reconstructions. Note the agreement of italicized values. 
X-ray Refraction (lab) µ-CT (lab) synchrotron CT
sample C m / || extrusion C m /  extrusion C m /-
Summary
We have used laboratory and synchrotron CT and X-ray refraction data to gain quantitative microstructural information about the porous structure of two synthetic cordierite materials. Statistical evaluation tools have been used to analyze porosity and pore orientation. The wellestablished FFT technique revealed that the preferred pore direction is parallel to extrusion direction. By the use of high-resolution (synchrotron) CT data we found that the pore orientation varies as a function of depth, and when moving from walls to crossings. In addition, we developed an alternative technique (the statistical procedure DIVA, directional interface variance analysis). By means of the calculation of variance ratios of orthogonal projections of gradient images, we could obtain 1D polar plots analogous to texture pole figures. These variance polar plots give a quantitative measure of the deviations (angular positions and intensity) from random orientation, and agree very well with results from X-ray refraction. Orientation factors quantitatively agree well with the crystallographic texture data reported in the literature, demonstrating that the study of the pore structure orientation and that of the crystal orientation are equivalent.
